Abstract-Ferromagnetic shape memory refers to the behavior of certain alloys that undergo a reversible martensitic transformation and are also ferromagnetic. They undergo the usual shape memory effect by changing temperature, and they can also be made to undergo large changes of shape by applying a magnetic field. Alloys with composition near Fe 3 Pd undergo a highly reversible FCC to FCT transformation, have high saturation magnetization approximately 2/3 to that of Fe at room temperature, and therefore are good candidates for ferromagnetic shape memory. In this paper, the possibility of inducing a change of shape by rearranging variants of martensite with an applied field is explored. A key measurement for assessing this possibility is the magnetic anisotropy of a single variant of martensite. We measure this property by applying the appropriate stress to a single crystal to completely detwin it. Magnetization curves for the detwinned crystal are measured and the measurements are corrected for shape anisotropy and the stress. These measurements also settle an apparent discrepancy between the easy axis expected on the basis of Density Functional Theory (DFT) calculation with spin (c-axis), and those inferred from magnetomechancial measurements of James and Wuttig (a-axis) [1] .
I. Introduction
A large reversible field-induced strain of 0.5% under cyclic fields of 10,000 Oe has been achieved in Fe 70 Pd 30 [1] showing that Fe 70 Pd 30 is a promising ferromagnetic shape memory material. The strain versus field and the associated microstructural changes in ferromagnetic shape memory materials were predicted by "constrained" theory of magnetostriction given by Desimone and James [2] . The theory was applied to Fe 70 Pd 30 [1] and Ni 2 MnGa [3] and qualitative agreement between the theory and the experimental results was achieved. However, some basic material properties that are important for understanding the mechanism of ferromagnetic shape memory are still unknown, particularly the magnetic anisotropy of a single variant of martensite.
Most shape memory effects are related to the martensitic phase transformation, which is diffusionless and characterized by finite crystallographic shearing deformation. There are several ways to transform austenite (parent phase) to martensite (product phase), which accommodate the shape change. Each "way" is described by a strain tensor E i associated with martensite variant i, where E is given by the usual formula in terms of the displacement gradient: E=1/2( u+( u) T ). site variants. Each variant corresponds to the homogeneous deformation produced by contracting a cube along one of its edges and extending it along the other two, see Fig. 1 for details. One goal of this paper is to find the easy (and hard) axes in Fe 70 Pd 30 . If the transformation is induced by temperature, the material has no preference for any of the variants because they all have the same free energy. When stress is applied to this mixture of variants, only certain variants will appear because of the Schmid law, or more fundamentally, due to local energy minimization. For example, if compressive stress is applied to the material along e 1 direction, only variant E 1 will appear.
Magnetic anisotropy is important to ferromagnetic shape memory. When a magnetic field is applied to a ferromagnetic material that undergoes a reversible martensitic transformation, there exist three possible mechanisms that may lead to magnetic saturation. They are magnetic domain wall movement, rotation of spontaneous magnetization and introduction of new martensitic variants. Among them, the first two mechanisms are responsible for traditional magnetostriction; the third mechanism could realize large strain and only occurs when the energy introduced to the system by the large strain is smaller than the magnetocrystalline anisotropy energy. The difficulty in doing magnetocrystalline anisotropy measurements is that cooling through the transformation produces complex microstructures with all three variants of martensite. Subsequent magnetic measurements are then unrepresentative of single variant behavior (Tickle and James [4] , [5] ). In the work reported here we obtain single crystal, single variant specimens by imposing a biasing stress, following a method of Tickle and James [5] .
In Section II, we describe in some detail the experimental apparatus and the procedure used in the experiments studied here. Section III gives the experiment results.
II. Experimental Method
A single crystal with composition of Fe-(at%30)Pd was grown by Bridgman method. The orientation of the crystal boule was obtained by x-ray microdiffractometer (Bruker AXS). The martensite transformation start temperature M s and finish temperature M f were determined with wideangle x-ray Scattering (Scintag XDS2000) and found to be M s ≈ 40
• C and M f ≈ 12
• C. The lattice parameters were determined by the same method and found to be a 0 = 3.7524Å for the FCC parent phase and a = 3.8375Å, c = 3.5938Å for the FCT product phase. Similar results were reported by Sugiyama and Oshima [6] , [7] . The Curie temperature T c was determined with susceptibility measurements and found to be T c ≈ 300
• C. The austenite anisotropy measurements were performed on specimen T5, a thin circular disk 9 mm in diameter and 0.36 mm thick. It was oriented with a (110) normal to give • C which kept the specimen at the austenite state. After cutting, the specimen was retested with microdiffractometer at 60
• C to verify the proper orientation. The EDM and orientation retest procedure were also applied to the specimen T3 and T6, on which the martensite measurements were performed. T3 and T6 are two thin rectangular plates with the same dimensions of 5.24 mm × 4.89 mm × 0.51 mm. The only difference is that T3 was oriented with a [110] surface normal and a [001] edge while T6 was oriented with a [010] surface normal and a [001] edge, see Fig. 2 . Notice that T3 and T6 were sized slightly longer in the loading direction according to the measured transformation strain, so that the change in shape would create a square specimen (5 mm × 5 mm) when compressed from austenite to the single variant state. In this way, demagnetization factor for all M-H curves of the single martensite variants were kept the same. During the measurements of martensite magnetization, constant compression was applied to the specimen to ensure the single variant state. The compression fixture was constructed from a non-magnetic CuBe spring alloy and was sized to fit in the temperature chamber used with the VSM (Courtesy of R. Tickle), see Fig. 3 . A small set screw on the fixture allowed a fixed amount of extension to be set which applied a corresponding compressive stress to the specimen. The stress was calculated from the total displacement of the fixture minus the contraction of the specimen due to the phase transformation multiplied by the spring constant of the fixture, which was characterized by tensile test. The magnetocrystalline anisotropy can be determined from magnetization curves based on the definition of the anisotropy energy, namely the energy stored in a material when it is saturated in a non-easy direction. For a material with cubic lattice, measurements are performed in the 100 , 110 and 111 directions. An evaluation of anisotropy energy in each directions gives
where W 100 indicates the work done by the applied field to saturate the material on the 100 direction and can be expressed by the area between the 100 M-H curve and the M axis, etc. For a uniaxial material, measurement of the anisotropy constant K u is accomplished by calculating the area between the M-H curves in the easy and hard directions. The magnetization curves were measured with a VSM (Vibrating Sample Magnetometer). The temperature control was achieved by using an acrylic enclosure which fit into the pole pieces of the VSM and directing a cooled or heated nitrogen gas stream onto the specimen. A small T-type non-magnetic thermocouple was in direct contact with the back the specimen. For the duration of measurement, the temperature was controlled within 1∼ 2
• C by adjusting the gas flow rate.
III. Results and discussion

M-H curves of the austenite at 60
• C were plotted in Fig. 4 . It shows that the saturation magnetization m s is 1081 emu/cm 3 ; several measurements were performed on the same specimen at various temperture and the results are summarized in table I. The negative value of K 1 indicates that the easy axis of the austenite is along [111] direction, but the preference for [111] is slight.
The magnetization measurements of single variant of martensite were performed at -20
• C while the specimens were compressed at 0, 2 and 8 MPa respectively. As the compressive stress increases, the area enveloped by the hard and easy axis increases. However, the degree of increment between the 0 and 2 MPa curves is larger than between the 2 and 8 MPa curves, this is probably due to the nucleation of other variants at the zero stress. In the interests of economy, only the results of 8 MPa were plotted in Fig. 5 . This shows that the saturation magnetization is m s = 1217 emu/cm 3 . It also shows that the easy axis is on [100] which is the long axis of the FCT lattice; the hard axis is on [001] which is the short axis of the FCT.
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